ABSTRACT: Measures of genetic differentiation between populations are useful tools for understanding the long-term dynamics of parasite communities. We followed the allele frequencies of microsatellite markers in samples taken over a period of 16 yr from the Case Western Reserve University-Naval Medical Research Institute (CWRU-NMRI) laboratory strain of Schistosoma mansoni. DNA was isolated from pooled samples of adults, eggs, or cercariae collected at 46 time points and genotyped for 14 tri-or tetranucleotide microsatellite markers. For comparison, 2 S. mansoni reference strains (Biomedical Research Institute-NMRI, which has a common origin with the CWRU line, and PR-1) were analyzed over shorter periods of time. We observed that the long-term allele frequencies are generally stable in large laboratory populations of this parasite, and a high degree of similarity was observed between the allele frequencies of consecutive samples from different developmental stages. The CWRU strain, however, showed 2 periods of marked deviation from stability as demonstrated using genetic differentiation measures. The first period corresponds to an admixture event with the BRI strain in which a new equilibrium was established as the ''migrants'' became blended into the existing CWRU population, consistent with 23% admixture from BRI. The second corresponds to a period of genetic drift when the CWRU population size was greatly reduced with an accompanying loss in genetic diversity. Having demonstrated the utility of pooled samples for the genetic analysis of population dynamics in laboratory strains of schistosomes, this approach will be useful for analyzing field samples to determine the impact of schistosomiasis control programs on parasite population structure. Accounting only for the intensity or prevalence of parasite populations may fail to register significant changes in population structure that could have implications for resistance, morbidity, and the design of control measures.
Parasites such as schistosomes pose special challenges for population genetic analyses. In their modes of reproduction, as well as their distribution, schistosomes tend to violate most models used to develop many of the classic analytical approaches. In their definitive hosts, schistosomes reproduce sexually, although their progeny do not remain within the same infected individual, while in their intermediate snail host, they undergo clonal reproduction. Furthermore, in human hosts, schistosomes are distributed as highly mobile infrapopulations of a larger community, whose distribution among individual hosts is not random, but rather is associated with a variety of demographic characteristics such as age, sex, occupation, and socioeconomic status. While the behavior of natural populations is complex, laboratory populations of the parasite can provide a simplified model for examining schistosome population dynamics. We have shown that natural pools of excreted Schistosoma mansoni eggs from humans can be used to determine allele frequencies from individual infrapopulations and this method can be used to widely sample individuals in a community (Blank et al., 2009) . The interpretation of such data can be guided by the observation of population dynamics established in laboratory populations.
Laboratory strains of S. mansoni are the primary source for vaccine studies and other investigations in this field and are maintained by transmission between rodents and laboratory adapted snails. Laboratory populations have been observed to be less diverse than natural populations due to founder effects and genetic drift, although heterozygosity appears to be maintained at levels consistent with Hardy-Weinberg equilibrium (Stohler et al., 2004) . There is little information on the genetic structure of S. mansoni laboratory strains or on the stability of microsatellite markers in this organism. Between 1961 and 2000, a life cycle of S. mansoni was maintained at Case Western Reserve University, and samples from this laboratory strain were collected from 1984 to the end of the program in 2000. We used a set of 14 microsatellite markers to genotype the pooled parasites from this life cycle in order to study changes in marker stability and population structure over this 16-yr period.
MATERIALS AND METHODS

Schistosoma mansoni life cycles and samples
The S. mansoni laboratory strain at Case Western Reserve University (CWRU) was obtained in 1961 from the Naval Medical Research Institute (NMRI) strain (of Puerto Rican origin) and maintained by passage through Biomphalaria glabrata snails and CF1 mice (Fig. 1) . Until December 1997, approximately 120 snails per week were infected with miracidia hatched from S. mansoni eggs collected from the homogenized livers of 10 infected mice, and 50 mice per week were infected with approximately 200 cercariae each. Because patent snails can shed for a period of several weeks, cercariae may be collected from snails infected at different dates and, thus, generations will overlap. In late 1991, a collapse in the snail population at CWRU prompted supplementation of the life cycle with infected snails from the Biomedical Research Institute (BRI). Over several months, these newly added parasites were integrated with the remaining CWRU population, which was still maintained in mice. Beginning in 1998, the number of mice used as definitive hosts for the strain was reduced to 5 per month. From March 1984 to July 2000, samples of different life cycle stages were collected at various times and stored at 280 C. In this study, 46 such samples (22 cercariae, 23 worms, and 1 egg sample) were analyzed.
The original NMRI life cycle was transferred to the BRI in 1971 and has since been maintained there in albino B. glabrata snails and Swiss Albino mice (Lewis et al., 2008) . Adult worm samples from the NMRI strain were collected by perfusion from approximately 45 mice that had each been exposed to 180-200 cercariae shed from 40 to 50 infected snails. Nine yearly samples from 2001 to 2009 were examined. Worm count estimates were based on the average number of worms counted from 4 mice multiplied by the number of mice perfused (range 2,035-5,059 worms/ sample). For comparison, 2 samples of cercariae from a second BRI strain (PR-1) were also shed in 2008 and 2009 from approximately 200 infected snails that had been reared to patency at CWRU. This strain was originally collected from infected snails at Arecibo, Puerto Rico, in 1950 and was established at BRI in 1978 (Fig. 1) . For the remainder of this article, the NMRI origin strains will be referred to with the initials of the institutions at which they were maintained (CWRU or BRI), while the PR-1 strain maintained at BRI will continue to be referred to as PR-1.
DNA was extracted from the pooled worms, eggs, and cercariae, using a standard proteinase K/phenol:chloroform extraction protocol (Sambrook Received Russell, 2001) . DNA was resuspended in 10 mM Tris, pH 7.5, to a standard concentration of 25 ng/ml and stored frozen at 220 C.
Microsatellite genotyping
We selected 14 tri-or tetranucleotide microsatellites (Curtis et al., 2001; Rodrigues et al., 2002; Silva et al., 2006; Rodrigues et al., 2007) based on ease of amplification and readability in the CWRU population. One newly developed marker (1F8A) was also included. Primers for locus 1F8A (F: GGCTTCAGTCGTCGTGTTC, R: GCTTCTTCGTTGCCACACTC) were chosen using MSATCOMMANDER (Faircloth, 2008 ) from a bacterial artificial chromosome sequence generated by the S. mansoni genome project (Berriman et al., 2009) . For all loci, the forward primer was labeled with a fluorescent dye (Table I) .
Duplicate polymerase chain reaction (PCR) amplifications were performed in 15-ml volumes with 75 ng DNA, 4.5 pmol of each primer, 6 nmol dNTPs, and 0.6 units of DyNAzyme II DNA Polymerase (Finnzymes, Inc., Woburn, Massachusetts) in the supplied reaction buffer supplemented with 25 mM KCl and 1 mM MgCl 2 . Cycling conditions were as follows: an initial denaturation step at 94 C, 35 cycles at 94 C for 15 sec, and annealing at 50 C for 1 min (45 C for SMMS2) and 72 C for 15 sec. Cycling was followed by a final extension at 72 C for 20 min.
The PCR products from each sample were combined into groups of 3 or 4 primer sets (Table I ) and analyzed on an Applied Biosystems 3730xl DNA Analyzer (Cornell University Life Sciences Core Laboratories Center, Ithaca, New York). Fragment sizes and peak heights were measured using Peak Scanner software (Applied Biosystems, Foster City, California) and allele frequencies were determined based on peak heights, as previously described (Blank et al., 2009 ).
Data analysis
Allele counts for each sample were obtained by multiplying the allele frequencies at the tested loci by the number of individuals in that sample (,200 for CWRU or as counted for BRI). Gene diversity in terms of effective number of alleles at each locus was calculated as 1/the sum of squares of allele frequencies (Kimura and Crow, 1964) . The degree of differentiation of allele frequencies between samples was examined in terms of F ST , F9 ST , and D, determined as follows. F ST was calculated based on analysis of variance of allele frequencies, using Arlequin v3.11 (Excoffier et al., 2005) . Because the maximum possible F ST between populations (F ST(max) ) tends toward zero as the number of alleles increases (Long and Kittles, 2003) , F ST may not adequately represent population differentiation when markers are highly polymorphic. Therefore, we also calculated the standardized index, F9 ST , where
F ST(max) was calculated by recoding the alleles from each sample as unique in the Arlequin input file (Meirmans, 2006) .
Differentiation was also measured as Jost's D (Chao et al., 2008; Jost, 2008) , using the program SPADE (Chao and Shen, 2010) , with standard errors determined over 200 bootstrap replicates. Differentiation values were reported as the mean across all loci. Statistical significance for D values was obtained by resampling across normal distributions at each locus and recalculating the mean over 1,000 replicates, using the Monte Carlo analysis function of the PopTools Excel add-in (Hood, 2009 ). The rate of differentiation was calculated as pairwise D between consecutive samples divided by the number of generations between the sampling points. In order to minimize the effect of overlapping generations in the CWRU strain, samples were selected to be separated as nearly as possible by full generations (that is, by multiples of 90 days).
RESULTS
Allele frequencies and genetic diversity
Over the sampling period, the CWRU strain demonstrates greater diversity with a larger number of alleles at the loci examined than the other 2 strains (Table I) . Changes over time in allele frequencies for the CWRU and BRI strains at 5 of the 14 loci are presented in Figure 2 and the remaining 9 markers are shown in Supplemental Figure 1 (supplemental materials are available at http://www.case.edu/orgs/cghd/blanketal2010supp. htm). Both the BRI and PR-1 strains were fixed at a single allele at the SMMS21 locus ( Fig. 2e; Table I ), while fixation of locus SMMS13 was observed to occur in the BRI strain between the 2002 and 2003 samples (Fig. 2b) . The allele frequencies for the CWRU strain showed considerable stability over the interval of observation, except for 2 periods corresponding to 2 recognizable events. The first occurred in late 1991 when a collapse in the infected snail population at CWRU prompted supplementation of the life cycle with infected snails from an externally maintained strain. The second corresponded to a period starting in 1998 in which the CWRU life cycle was maintained at a smaller population size to reduce costs, so that 5 mice per month were infected rather than the 50-100 per week for much of the preceding period.
The average genetic diversity across loci was calculated for each sample in the CWRU and BRI strains ( Fig. 3; individual locus diversities are shown in Supplemental Fig. 2) . Compared with BRI, a greater level of diversity was observed in the CWRU strain, although a steady decline was seen after 1998, corresponding to the reduction in population size.
Differentiation within populations
Longitudinal genetic differentiation within populations was measured by calculating pairwise values for F ST , F9 ST , and D relative to the earliest sample from each population. Although the differentiation index values follow the pattern F ST , D , F9 ST , the trends they each reflect are virtually identical. The differentiation of the CWRU population reflects the same 2 events observed with the comparison of allele frequencies (Fig. 4a) . Between 1988 and 1991 there was little differentiation in the population as measured by any of the indices. During the period in late 1991 (when the CWRU strain was supplemented with parasites from another life cycle) the abrupt differentiation spike was followed by a return to near its original level with subsequent gradual, continued increases. After 1998, the rate of differentiation increased for all indices. The BRI population was more stable for the 9 yr sampled with D vs the 2001 sample remaining less than 0.05. The 2 PR-1 samples analyzed showed a low level of differentiation over a period of 10 mo, with F ST and D values of 0.02 and F9 ST of 0.04.
To correct for the irregular time intervals between samples, we also performed a pairwise analysis that represents rates of differentiation between consecutive samples (Fig. 4b) . This again revealed the same 2 clear periods in the CWRU timeline where rates of change were markedly different from the baseline, while the BRI strain showed little change over the 9 yr.
Differentiation between populations
D between the CWRU and BRI strains fell rapidly, from 0.35 with the 10/7/1991 to ,0.05 with the 11/7/1991 sample (Fig. 4c ) and rose to a higher, stable level over the next 3 samples (a period of 31 wk), although differentiation between the strains remained lower than pre-1991 levels until termination of the life cycle in 2000. The differentiation between CWRU and PR-1 remained high (.0.50) throughout this period and across the entire sampled period without marked changes. Although records of which parasite strain was used to supplement the CWRU life cycle were unavailable for this analysis, the dramatic reduction in differentiation between CWRU and BRI at this time demonstrates that the BRI strain and not PR-1 was the source. Further evidence for this assertion is the appearance of new alleles seen after 1991 in the CWRU strain, which are also present in the current BRI strain (Fig. 2c, SMMS16 allele 221; Supplemental Fig. 1 , SMMS3 allele 189; SMD011 allele 358; 13TAGA allele 119; 1F8A allele 154). We estimated the contribution of the second population to the CWRU population by algebraically calculating the proportion of migrants needed to produce the observed reduction in D. Based on the diminished differentiation between the CWRU and BRI strains from the 10/7/1991 sample to the 6/11/1992 sample, we estimate that 23% of the post-1991 CWRU strain originated from the BRI population (see Supplement 1 for the calculation).
Differentiation by developmental stage
In the CWRU strain, the available samples were composed of cercariae, adults and 1 sample of eggs. The samples reflected the particular research focus at the time of collection, so prior to 1995 cercariae were the predominant sample type, while after 1995 most of the samples were composed of worms (Fig. 5) . To determine whether allele frequencies observed in the larval stage reflect those seen in adults, we examined intrapopulation differentiation among different life cycle stages. Differentiation between the first CWRU sample and samples from adults or eggs (Fig. 5b) and cercariae (Fig. 5c ) collected near the same time is very similar. Two pairs of samples (collected August & October 1996 and June & August 1997) consist of a cercarial sample followed by a worm sample collected between 6 and 9 weeks later, which were likely to be from the same generation. In both cases, the differentiation between the cercariae and worms was not significant (D 5 0.004, SD 5 0.004).
DISCUSSION
By examining the CWRU laboratory population of S. mansoni over a span of 16 yr (representing more than 100 generations), we have shown that microsatellite allele frequencies are stable over extended periods, provided that the population is maintained as a large, closed system. The mixture of the CWRU and BRI life cycles represents a migration event that is evident in the allele frequency profiles and the differentiation indices. As the population size of the CWRU life cycle was reduced, the effects of genetic drift are visible in the increased instability of the allele frequencies along with a decrease in diversity. This approach using laboratory strains has empirically established some of the parameters of a stable transmission cycle.
The differences in genetic diversity between the CWRU and BRI strains can be attributed to differences in the sizes of the populations maintained at the 2 institutions, despite their common origin. For most of its duration, the CWRU strain was maintained by infection of more than 100 snails, while 50 or fewer snails were infected per generation at BRI. The smaller pool of miracidia would be more susceptible to loss of alleles through genetic drift. When the number of mice used at CWRU was reduced in 1998, the rapid decline in the population of breeding FIGURE 2. Major alleles at loci SMMS2 (a), SMMS13 (b), SMMS16 (c), SMMS18 (d), and SMMS21 (e) of the S. mansoni strain NMRI populations maintained at CWRU and BRI. Alleles with a frequency of greater than 5% at least once over the sampling period are presented.
worms introduced a bottleneck, with its resulting loss in allelic diversity seen in Figure 3 . All laboratory strains, however, showed markedly lower allele diversity in comparison with field samples of S. mansoni eggs collected in Kenya and Brazil that were examined in an earlier study (Blank et al., 2009) .
The sampling strategy for this study utilized pooled samples based on our own (Silva et al., 2006; Blank et al., 2009 ) and others' (Redman et al., 2008; Hanelt et al., 2009 ) studies, showing that such samples provide an efficient and representative estimate of allele frequencies. A key condition for any pooling experiment is that the pool be unbiased. The larger size of male adult schistosomes and, thus, their greater relative contribution to the DNA pool could be a source of bias, although this was not seen in the pairs of cercariae/adult samples of the same generation examined in this study and has been repeated in other studies performed in our laboratory. Although this would be expected in a randomly mating population with markers that are not sexlinked, one potential consequence of this would be to effectively reduce the analyzed sample size. To estimate the effect of such a reduction in sample size, we performed simulation analysis of our data in which worm sample sizes were reduced from 200 to 150 worms. The standard error of the mean for differentiation values increased by less than 2.5% of D at all time points (data not shown) and did not affect the mean D across loci. Since total DNA was analyzed from all of the recovered adult organisms in different cohorts of the life cycle, it is unlikely that bias could come from the failure to collect a particular subpopulation or non-random heterogeneity in adult worm size between cohorts. The other life cycle stages were obtained by isolating all of the eggs from liver or intestines of infected animals and all of the shed cercariae. Selection bias is unlikely to occur in this process, and indeed this did not appear to be the case, as little difference is seen between stages (Fig. 5) . Likewise, there did not appear to be significant bias in egg hatching or snail infection since allele frequencies for cercariae were comparable to those in adults during similar periods.
The use of pooled or aggregate samples allowed diversity estimates to be based on large sample sizes, better corresponding The results using this approach show marker stability over many generations when the laboratory environment is stable and accurately reflects events occurring in the life history of these strains. There is significant efficiency in this approach, and the efficiency gained permits examination of a large number of infrapopulations. This will be needed to begin to understand how the parasite population is structured among human hosts relative to household, age, sex, occupation, socio-economic conditions, length and place of residence, water contact sites, and the many other important factors that may govern the distribution of parasite genotypes. Measuring allele frequencies in infrapopulations permits observation of significant changes in the structure of field populations that could have implications for resistance, morbidity, and the design of control measures. These changes may not be apparent when monitoring only for the intensity or prevalence of parasite populations.
The use of pooled samples does have limitations when compared with genotyping individuals. Null alleles are difficult to recognize and, if present, may result in overestimation of genetic distance and differentiation (Chapuis and Estoup, 2007) . In addition, analyses involving heterozygosity and multilocus genotypes cannot be performed with allele frequency data. However, we have demonstrated the utility of differentiation indices calculated from allele frequencies for the measurement of migration and genetic drift. A specific limitation of this study is that exact sample count data for the CWRU strain were unavailable. As mentioned above, the effect of sample size changes on the statistical significance of D calculations is minor, but the use of tools for the estimation of effective population size and migration rate from allele frequencies, such as the maximum likelihood method of Wang and Whitlock (2003) , is much more sensitive to errors in sample size. Better estimation of sample size would further extend the utility of pooled sample genotyping.
There has been concern expressed in the literature over the validity of various measures of differentiation, in particular, that F ST and related indices tend to underestimate differentiation when gene diversity is high (Long and Kittles, 2003; Meirmans, 2006; Jost, 2008) , a common situation with microsatellite loci. We compared 3 commonly used indices in our analyses, all of which showed the same trends in the differentiation of the S. mansoni populations studied. However, the underestimation of differentiation by F ST could reduce its sensitivity to detect genetic structure in populations, an effect that may be exacerbated when examining natural populations with greater allele diversity.
We also found that allele frequencies in laboratory strains did not depend on whether worms or cercariae were tested. In such closed systems, if the samples are large or comprehensive, allele frequencies are preserved between adult and cercarial stages unless the system is perturbed. In nature, however, there is likely to be a difference between the allele frequencies in different developmental compartments. Snails are unlikely to be presented with the full range of genotypes present in the human populations since certain groups of individuals, typically children, have higher infection intensities and are more likely to be responsible for contaminating water sources. The demonstrated laboratory strain equilibrium for S. mansoni provides a basis for recognizing deviations found in field populations of parasites due to manmade pressures (such as mass treatment) or other ecological disturbances.
